Suspended carbon nanotubes display at cryogenic temperatures a distinct interaction between the quantized longitudinal vibration of the macromolecule and its embedded quantum dot. We present data on such Franck-Condon side bands at known absolute number N el = 1 and N el = 2 of conduction band electrons and consequently well-defined electronic ground and excited states in a clean nanotube device. The side bands evolve only at a large axial magnetic field and display a distinct magnetic field dependence of the Franck-Condon coupling, different for different electronic base states and indicating a valley-dependent electron-vibron coupling. A tentative model for this effect is discussed.
Suspended carbon nanotubes display at cryogenic temperatures a distinct interaction between the quantized longitudinal vibration of the macromolecule and its embedded quantum dot. We present data on such Franck-Condon side bands at known absolute number N el = 1 and N el = 2 of conduction band electrons and consequently well-defined electronic ground and excited states in a clean nanotube device. The side bands evolve only at a large axial magnetic field and display a distinct magnetic field dependence of the Franck-Condon coupling, different for different electronic base states and indicating a valley-dependent electron-vibron coupling. A tentative model for this effect is discussed.
Vibrational degrees of freedom, typically approximated at small deflection as harmonic oscillators, contribute in many ways to the fundamental properties of matter. The Franck-Condon principle [1, 2] relates vibrational wave functions in molecular physics to the intensity envelope of vibrational side bands in optical spectra. This principle, where an electronic transition is assumed to be instantaneous compared to the slow motion of the nuclei, also becomes directly visible in electronic low-temperature transport spectroscopy of single (macro)molecules [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . An experimental system where such Franck-Condon sidebands have been observed consistently is the longitudinal (stretching mode) vibration of a suspended single wall carbon nanotube (SW-CNT) quantum dot [9, [13] [14] [15] [16] [17] [18] [19] . Results range from the nanotube length dependence of the vibration frequency [9] , or thermal occupation of a vibration mode [14] , all the way to electronic pumping of nonequilibrium occupation [15] , spin-vibron coupling [17] and a spin-dependent, electrostatically tunable electronvibron coupling [19] .
In this Letter, we present first observations of FranckCondon sidebands at known absolute number N el = 1 and N el = 2 of conduction band electrons in the unperturbed carbon nanotube transport spectrum. The vibrational sidebands evolve only at large axial magnetic field B. The resulting millikelvin transport spectrum displays different sideband behaviour depending on the electronic base state; the data indicates a valley-dependent FranckCondon electron-vibron coupling parameter [4] . A tentative model for the observed phenomenon is discussed.
A sketch of the measured device is depicted in Fig. 1(a) . Following [20] , a carbon nanotube is grown over pre-defined rhenium contact electrodes and etched trenches. Subsequently the device is cooled down in a dilution refrigerator and characterized electronically at a base temperature of T mc ≤ 25 mK, immersed into the diluted phase of the 3 He/ 4 He mixture. The length of the suspended nanotube segment is L = 700 nm. As can be seen in the current trace at low bias of Fig. 1(b) , the device displays the behaviour of a small bandgap nanotube, with transparent hole conduction and strong Coulomb blockade at low electron numbers. The first Coulomb os- cillations display very low current and require particular care to be resolved, see Fig. 1(c) . Here, the opaque tunnel barriers are given by p-n junctions extended along the nanotube, between the electrostatically induced nquantum dot and p-behaviour near the leads [21, 22] . In the following we focus on the 1 ≤ N el ≤ 2 transition, i.e., the second Coulomb oscillation of conductance at the electron side of the band gap. Fig. 1(d) and Fig. 1 Fig. 1(e) ).
The plot of Fig. 2 (a) demonstrates the emergence of this phenomenon. Here, we show the differential conductance dI/dV sd (B, V sd ) as function of an applied magnetic field B parallel to the carbon nanotube axis and of the bias voltage V sd . The gate voltage is kept constant and chosen such that we trace across the N el = 1 edge of the 1 ≤ N el ≤ 2 single electron tunneling region, see the inset of Fig. 2(a) for a sketch.
For B = 0, the SET region edge, visible as line of differential conductance, is located at approximately V sd = 0.8 mV. Due to a shift in energy of the electronic states involved in transport, it rapidly moves to higher bias voltages until B 1.5 T is reached. Here, the magnetic field induces a change in ground state, leading to a different energy dispersion. Soon afterwards, side bands of the differential conductance line emerge, see the arrows in Fig. 2(a) . Figure 2 (b) displays a larger parameter range than Fig. 2(a) , though measured at reduced resolution. Still, the side bands of the conductance line become clearly visible as an asymmetric broadening of the main conductance line (towards higher bias voltages).
An example trace cut from Fig. 2 (a) is shown in Fig. 2(c) . An analysis of the relative peak positions in each such recorded trace I(V sd ) is given in the Supplemental Material [23] . Its conclusion is that the side bands are equidistant within each trace, and that the corresponding excitation energy is magnetic field independent and given by ∆ 60 µeV. This strongly indicates a harmonic oscillator independent of the electronic spectrum. Given its energy scale, we can identify it with the longitudinal, stretching mode vibration of the carbon nanotube [9] .
In multiple publications, the mechanism leading to vibrational side bands in transport spectroscopy has been identified as the Franck-Condon principle [4, 7, 9] . As sketched in Fig. 2(d) , the equilibrium position of the vibrational harmonic oscillator depends on the number of charges N el on the nanotube; the rate of single electron tunneling through its quantum dot is modified by the spatial overlap of the involved harmonic oscillator states
, with m and n as the vibrational occupation quantum number at N and N + 1 electrons, respectively. ∆x is the displacement of the harmonic oscillator by the additional charge, cf. Fig. 2(d) . The coupling strength is parametrized via the FranckCondon coupling parameter g = (∆x/x zpf ) 2 /2, comparing ∆x with the characteristic length scale of the harmonic oscillator x zpf = /mω. As sketched in Fig. 2(e) , a finite value of g corresponds to a specific redistribution of current between vibrational channels: the current at the bias voltage corresponding to the bare electronic transition energy N −→ N + 1 decreases, but additional steps of current emerge whenever an additional vibration state becomes energetically available. g can be calculated from the current step or differential conductance peak height ratios. A more detailed discussion of this model and its application here can be found in the Supplemental Material [23] . for the excited state transition marked with arrowheads in (a) (red squares), compared with the ground state transition (blue dots, same data as in Fig. 2(f) ).
The result of this evaluation for each trace I(V sd ) or dI/dV sd (V sd ) at fixed B is plotted in Fig. 2(f) . It shows the resulting magnetic field dependence of the FranckCondon coupling parameter g(B) for the N el = 1 −→ N el = 2 ground state transition. The absence of side bands for B < 1.5 T corresponds to an absence of coupling, i.e., g ∼ 0. For B ≥ 1.5 T the coupling increases monotonously, reaching a maximum value g(B) = 0.4 at B = 3 T. Subsequently, we observe a slow decrease.
To our best knowledge, no similar observations of a magnetic field dependent electron-vibron coupling have been published so far. Its onset at an anticrossing of electronic states, see the dashed ellipsoid in Fig. 2(b) , suggests a connection to the precise electronic quantum numbers. As opposed to previous reports on the longitudinal vibration mode [9, 13-15, 17, 19] , here we are characterizing a device where the nanotube has grown cleanly across pre-existing contacts, and no (accidental or intentional) strongly inhomogeneuous potential should distort the wave functions in the suspended macromolecule away from the metallic contacts. With this in mind, we have analyzed the vibrational side band behaviour of the electronic excited states in the transport spectrum.
A plot of the differential conductance at fixed gate voltage, as function of B and the bias voltage V sd , now over a large bias range, is shown in Fig. 3(a) . A preliminary evaluation of the data of Fig. 3(a) , taking also into account the one-electron excitation spectrum of the device [24] , reveals two energetically close shells with both intra-and inter-shell exchange interaction; detailed modelling of the two electron transport spectrum will be the topic of a separate work [25] . Here, we limit ourselves to a straightforward classification of conductance lines by magnetic field dispersion. Since the dominant magnetic field dependence in an axial field originates in the electronic orbital momentum µ orb , see, e.g., [24, 26, 27] , both one-and two-electron quantum states become at large field orbital momentum eigenstates, and the slope of a line in the figure indicates the momentum change when a second electron tunnels onto the quantum dot, proportional to d(∆E(B))/dB = d(E 2 (B) − E 1 (B))/dB. Assuming arbitrary combinations of one-and two-electron states with energies E 1 (B) and E 2 (B), this allows for slopes d(∆E)/dB ≈ nµ orb B, n ∈ {−3, −1, 1, 3}; if the momentum of the first electron remains unchanged, only n ∈ {−1, 1} remains possible. From this we can classify the conductance lines of Fig. 3(a) . In the low-bias region of the figure, two dominant slopes clearly emerge; we identify these with the addition of a K'-valley electron (downward slope) or a K-valley electron (upward slope), respectively [24, 26, 27] .
Figures 3(b) and 3(c) enlarge the regions marked in 3(a) with dashed rectangles. As for the ground state resonance, also here, the harmonic side bands are immediately visible. However, not all electronic states display the same behaviour; at a glance, only the down-sloping spectral lines, where an electron is added in a K'-valley state, exhibit electron-vibron coupling. Also the trace cuts at B = 2.70 T (Fig. 3(d) ) and B = 0.85 T (Fig. 3(e) ) demonstrate this clearly, with the resonances accompanied by sidebands highlighted in green. We have performed an analysis of the electronic states in Fig. 3(a) , by dividing them into segments at each crossing or anticrossing and checking each segment for vibrational sidebands. The result is provided in the Supplemental Material [23] . While it is not always possible to decide unambiguously whether vibrational sidebands are present, the results support the hypothesis of valley dependent coupling.
Extracting the Franck-Condon coupling parameter for an exemplary excited state transition (green arrowheads in Fig. 3(a) ), we compare its evolution over the entire field range 0.5 T B 3.5 T with the two-electron ground state transition in Fig. 3(f) . A finite g persists to much lower magnetic field for the excited state transition; linear interpolation to B = 0 results in g(0) ≤ 0.15. The faster onset of coupling for the ground state transition is consistent with valley dependence and the change in ground state quantum numbers at B 1.5 T, see the structure marked with a dashed ellipsoid in Fig. 2(b) .
It remains to clarify whether the observed effect is specific to the absolute electron number 1 ≤ N el ≤ 2 region. Figure 4 displays the magnetic field dependence of a cut across the 0 ≤ N el ≤ 1 ground state transtion. Indeed, also here where an electron tunnels into a |K state of the otherwise unoccupied conduction band, an onset of harmonic side bands can be identified, for both spin alignments. Given the significantly lower conductance here, see the color bar in Fig. 4 , a more detailed evaluation turns out to be challenging. We can however conclude that the electron-vibron coupling is already inherent to single electron phenomena, and not limited to two-electron states [19] . This indicates a selectivity directly related to the single-particle valley quantum number.
In published literature, Weber et al. [19] have reported on an electronic state dependent Franck-Condon coupling in a N el = 4n+2 quantum dot, switchable via a local gate potential deformation. They apply a magnetic field perpendicular to the nanotube, and see no effect of that field on the vibrational side bands. Due to valley mixing and the field direction, their data is in the regime of bonding and antibonding valley linear combinations. A different electron-vibron coupling of (valley-ground state) spin singlet and (valley-distributed) spin triplet states, as observed in [19] , obviously can indicate a valley-dependent effect. Whether this can be related to the results reported here however requires further analysis.
Models discussing strong electron-vibron coupling g ∼ 1 in carbon nanotube quantum dots typically assume an inhomogeneuous charge distribution along the macromolecule relative to the vibration mode envelope, or more generally, a different localization of electron and vibron wave function, see, e.g., [9, [28] [29] [30] . This is consistent with the occurrence of Franck-Condon side bands in devices with localized gates close to the nanotube [14, 18, 19] . In previous devices without such an electrode, a local potential may have been introduced via fabrication defects or impurities on the nanotube [9, 13, 15] . These expanations do not lend themselves for the device presented here, displaying a highly regular one electron spectrum [24] and a regular addition spectrum over a large electron number range [31] . Nevertheless, the formation of the quantum dot via gate-induced p-n junctions, see, e.g., [21, 22] , leads in the low electron number limit to an electronic confinement much more narrow than the mechanically active device length, and centered within the suspended nanotube segment.
Comparison with [19, 28, 30] then suggests that the axial magnetic field modifies the Franck-Condon coupling g by shifting the electronic wave function relative to the vibron. A mechanism which may have this effect was recently proposed in [24] , based on [32] [33] [34] : essentially, the axial magnetic field introduces a valleydependent Aharonov-Bohm phase, modifying the longitudinal boundary conditions and thereby also the longitudinal profile of the electronic wave function. Modelling will have to take into account the bipartite structure of the nanotube lattice to verify the impact of this on the coupling parameter.
Finally, an interesting detail of our measurement is that the transport spectra were measured with the carbon nanotube immersed into the 3 He/ 4 He mixture (D phase) of the dilution refrigerator. Its viscosity at base temperature, η ∼ 10 −5 N s/m 2 [35] , is sufficiently high to mechanically dampen the transversal vibration mode [36] . As observed here, this does not affect the longitudinal mode; a likely explanation is that motion along the nanotube axis does not require displacement of liquid.
In conclusion, we demonstrate that vibrational sidebands emerge in the 0 ≤ N el ≤ 2 transport spectrum of an ultraclean nanotube at a finite magnetic field parallel to the nanotube axis. The sidebands are equidistant, with a field-independent oscillator quantum. Relative peak intensities are consistent with Franck-Condon theory [4] ; their evaluation results in a field-dependent coupling constant g(B). Our data indicate that only conductance lines corresponding to the addition of a K valley electron develop a finite coupling parameter g. A tentative mechanism for this can be a field-induced and valley-selective modification of the electronic wavefunction envelope [24] .
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